Abstract: A genetic linkage mapping study was conducted in 93 doubled-haploid lines derived from a cross between Triticum aestivum L. em. Thell 'Arina' and a Norwegian spring wheat breeding line, NK93604, using diversity arrays technology (DArT), amplified fragment length polymorphism (AFLP), and simple sequence repeat (SSR) markers. The objective of this study was to understand the distribution, redundancy, and segregation distortion of DArT markers in comparison with AFLP and SSR markers. The map contains a total of 624 markers with 189 DArTs, 165 AFLPs and 270 SSRs, and spans 2595.5 cM. All 3 marker types showed significant (p < 0.01) segregation distortion, but it was higher for AFLPs (24.2%) and SSRs (22.6%) than for DArTs (13.8%). The overall segregation distortion was 20.4%. DArTs showed the highest frequency of clustering (27.0%) at < 0.5 cM intervals between consecutive markers, which is 3 and 15 times higher than SSRs (8.9%) and AFLPs (1.8%), respectively. This high proportion of clustering of DArT markers may be indicative of gene-rich regions and (or) the result of inclusion of redundant clones in the genomic representations, which was supported by the presence of very high correlation coefficients (r > 0.98) and multicollinearity among the clustered markers. The present study is the first to compare the utility of DArT with AFLP and SSR markers, and the present map has been successfully used to identify novel QTLs for resistance to Fusarium head blight and powdery mildew and for anther extrusion, leaf segment incubation, and latency.
Introduction
Hexaploid wheat (Triticum aestivum L. em. Thell) is one of the world's most important food crops, supplying nearly 55% of the carbohydrates consumed worldwide (Gupta et al. 1999) . It is an allohexaploid (2n = 6x = 42) with 3 distinct but genetically related (homoeologous) genomes, A, B, and D, each with 7 chromosomes. Wheat has a large genome, 16 million kilobases per haploid cell (Bennett and Smith 1976) , with a <2.7% gene-containing fraction and >80% repetitive DNA.
The advent of DNA marker technology in the 1980s offered a large number of environmentally insensitive genetic markers that could be generated to follow the inheritance of important agronomic traits (Gupta et al. 1999; Peleman and van der Voort 2003) . Restriction fragment length polymorphisms (RFLPs) (Botstein et al. 1980) , random amplified polymorphic DNA (RAPD) (Williams et al. 1990 ), microsatellite or simple sequence repeats (SSRs) (Akkaya et al. 1992) , sequence-tagged-sites (STS) (Talbert et al. 1994) , and amplified fragment length polymorphisms (AFLPs) (Vos et al. 1995) are the most commonly used marker types for wheat map construction. Microsatellite markers remain a standard for map construction, as they are highly polymorphic even between closely related lines, require a small amount of DNA, can be easily automated, allow highthroughput screening, can be exchanged between laboratories, and are highly transferable between populations (Gupta et al. 1999 ). AFLP offers a high level of utility for various purposes and has been used to generate large numbers of markers for the construction of high-density genetic maps (e.g., Barrett and Kidwell 1998; Parker et al. 1998; Schwarz et al. 2000; Chalmers et al. 2001) . Diversity arrays technology (DArT) is a microarray hybridizationbased technique that enables the simultaneous typing of several hundred polymorphic loci spread over the genome without the need of prior sequence information (Jaccoud et al. 2001; Wenzl et al. 2004) . DArT has recently been used in genetic mapping and fingerprinting studies in Arabidopsis (Wittenberg et al. 2005) , barley (Wenzl et al. 2004) , rice (Jaccoud et al. 2001) , cassava (Xia et al. 2005) , and wheat (Akbari et al. 2006) . DArT is a high-throughput, quick, and highly reproducible method.
Several genetic maps have been reported for all hexaploid wheat chromosomes (Liu and Tsunewaki 1991; Gale et al. 1995; Roder et al. 1998a; Li et al. 1999; Messmer et al. 1999; Mingeot and Jacquemin 1999; Gupta et al. 2002; Paillard et al. 2003; Somers et al. 2004; Song et al. 2005) . The International Triticeae Mapping Initiative (ITMI) population (Synthetic × 'Opata'; T. aestivum) is one of the most polymorphic wheat-mapping populations and has been extensively mapped with RFLP, AFLP, and SSR markers (Nelson et al. 1995a (Nelson et al. , 1995b (Nelson et al. , 1995c Van Deynze et al. 1995; Marino et al. 1996; Roder et al. 1998a; Song et al. 2005) . To raise the density of microsatellite markers available on a wheat genetic map, Somers et al. (2004) constructed a highdensity microsatellite consensus map by mapping common microsatellites on each chromosome in 4 different mapping populations. DArT has the potential for increasing marker density within a short time and at low cost (Jaccoud et al. 2001; Wenzl et al. 2004 ). The cost of DArT per data point has been reported to be 10-fold lower than the cost of SSR (Xia et al. 2005) . However, the distribution of loci over the genome has not been compared with other marker technologies. The objective of this study was, therefore, to construct a genetic linkage map in a doubled-haploid (DH) population using DArT, AFLP and SSR markers to understand the distribution, redundancy, and segregation distortion of DArT markers in comparison with AFLP and SSR markers.
Materials and methods

Plant materials and DNA extraction
A DH mapping population was developed from a cross between 2 parents of T. aestivum, a winter wheat cultivar 'Arina' and NK93604 (a Norwegian spring wheat breeding line) using the wheat × maize system (Laurie and Bennett 1988) . 'Arina' was released in 1981 and has covered more than 40% of the wheat acreage of Switzerland since 1985. It has excellent spike resistance against leaf and glume blotch caused by Stagonospora nodorum, and a good level of resistance to Fusarium head blight (FHB) (Paillard et al. 2003) . 'Arina' was chosen as a donor parent owing to its good level of resistance to FHB and to its greater ability to adapt to the Scandinavian climatic conditions than other exotic hexaploid wheat cultivars. NK93604 is a well-adapted and highly productive breeding line in Norway. Genomic DNA of the parents and 93 DH lines was extracted from young leaves using the DNeasy Plant DNA extraction kit (Qiagen, Mississauga, Ont.).
AFLP assay
AFLP analysis was carried out according to the methods of Vos et al. (1995) with some modifications as described by Grønnerød et al. (2002) . MseI and PstI were used as frequent-and rare-cutter enzymes, respectively. Selective amplification was performed with primers having 3 selective nucleotides, with the PstI primers labeled with 6-carboxyfluorescein (6-FAM), hexachloro-6-carboxy-fluorescein (HEX), or tetrachloro-6-carboxy-fluorescein (TET), whereas the MseI primers were unlabelled. Selective amplification was performed in 10 µL reaction volumes that contained 0.25 µmol/L of each primer, 200 µmol/L each dNTP (Amersham Biosciences Europe GmbH, Freiburg, Germany), 1× PCR buffer (50 mmol/L KCl, 1.5 mmol/L MgCl 2 , 10 mmol/L Tris-HCl (pH 9.0)), 0.5 U Taq DNA polymerase (Amersham Biosciences), and 2.5 µL template DNA. The selective amplification was carried out using a "touchdown" profile of 1 cycle at 94°C for 30 s, 65°C for 30 s, and 72°C for 1 min, followed by 9 cycles over which the annealing temperature was decreased by 1°C/cycle, and a final step of 23 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min. All PCRs were carried out using an MJ Research Tetrad thermal cycler (MJ Research, Waltham, Mass.) .
AFLP fragments were separated on an ABI PRISM™ 377 DNA Sequencer (PE Applied Biosystems, Foster City, Calif.) using 4.5% polyacrylamide denaturing gels (acrylamide:bisacrylamide, 19:1) as described in the user manual. GS-500 (TAMRA labeled) size standard from ABI was loaded into each lane to facilitate the semiautomatic analysis of the gel and the sizing of the fragments. Semiautomated AFLP fragment analysis was performed with GeneScan™ 3.1 and Genotyper™ 2.1 programs as described in the user manual, with some modification as reported by Schwarz et al. (2000) .
Ninety-six MseI and PstI AFLP primer combinations were screened for polymorphism and 45 informative primer pairs were used to genotype the mapping population. The nomenclature for an AFLP marker is derived from the enzyme combination, the primer combinations, and the molecular mass of the product. The standard list for AFLP primer nomenclature provided by KeyGene (http://wheat.pw.usda.gov/ ggpages/keygeneAFLPs.html) was employed.
Microsatellite assay
A total of 874 wheat microsatellite (SSR) primers originated from 5 different groups were screened for polymorphism: 150 BARC primers from the Beltsville Agricultural Research Center (Song et al. 2002 (Song et al. , 2005 , 21 CFA and 50 CFD primers from INRA Clermont-Ferrand (Guyomarc'h et al. 2002; Sourdille et al. 2003) , 195 DuPw primers from DuPont company (Eujayl et al. 2002; DuPont, unpublished data; Dreisigacker et al. 2005) , 50 GDM and 232 GWM primers from Institut fur Pflanzengenetik und Kulturpflanzenforschung (Roder et al. 1998a; Pestsova et al. 2000) , and 176 WMC primers from the Wheat Microsatellite Consortium (Gupta et al. 2002) . Three hundred polymorphic primers synthesized by Invitrogen Life Technologies (Carlsbad, Calif.) were used for segregation data collection. Microsatellite analysis was performed using the fluorescent fragment detection system on an ABI PRISM 377 DNA Sequencer. For this method, either the forward primer was directly labeled with a fluorochrome or had a 19-bp M13 tail at the 5′ end. In the latter case, a third universal fluorescentlabeled M13 primer (5′-CACGACGTTGTAAAACGAC-3′) was added to the PCR (Schuelke 2000; Somers et al. 2004 ). The PCR for directly labeled forward primers contained 25 ng DNA, 1× PCR buffer, 0.30 µmol/L reverse primer, 0.30 µmol/L forward primer labeled with 6-FAM, TET, or HEX, 200 µmol/L each dNTP, and 0.5 U Taq DNA polymerase (Amersham Biosciences Europe GmbH). For M13-tailed forward primers, the directly labeled forward primer was replaced with 0.03 µmol/L M13 tailed forward primer and 0.27 µmol/L of a universal fluorescent labeled M13 primer. Amplifications were performed for each primer pair separately in microtiter plates using the following programs: 2 min at 94°C, followed by 40 cycles of 1 min 94°C, 1 min annealing (between 50 and 62°C, depending on the published optimal annealing temperature of the primer), and 1 min at 72°C, and a final extension of 10 min at 72°C.
SSR amplification products were multiplexed by combining 0.7 µL of 6-FAM-, 0.7 µL of TET-, and 1.0 µL of HEXlabeled PCR products with 0.3 µL of GS-500 (TAMRA) and 0.8 µL of ABI loading buffer (blue dextran and EDTA). The multiplex was denatured for 3 min at 94°C and quickly chilled on ice, and 0.8 µL of the denatured sample was loaded on to a 4.5% denaturing polyacrylamide gel using a membrane-loading comb. SSR fragments were analyzed in the same way as described for the AFLPs.
DArT assay
DArT markers were generated by Triticarte Pty. Ltd.
(Canberra, Australia; http://www.triticarte.com.au), which is a whole-genome profiling service laboratory, as described by Wenzl et al. (2004) and Akbari et al. (2006) . Briefly, a genomic representation of a mixture of 13 cultivars was produced after PstI-TaqI digestion, spotted on microarray slides and the individual genotypes screened for polymorphism based on fluorescence signals. The system was optimized for polymorphism and detection accuracy. DNA from the parents ('Arina' and NK93604) was first screened for polymorphism (giving a polymorphism rate of about 30%) and then the individual DH lines were genotyped. Two hundred seventy-one loci were scored as present (1) or absent (0). The locus designations used by Triticarte Pty. Ltd. were adopted in this paper. DArT markers consisted of the prefix "wPt", followed by numbers corresponding to a particular clone in the genomic representation, where w stands for wheat, P for PstI (primary restriction enzyme used) and t for TaqI (secondary restriction enzyme).
Segregation analysis and map construction
For each segregating marker, a χ 2 goodness-of-fit analysis was performed to test for deviation from the 1:1 expected segregation ratio at a 1% level of significance. Linkage groups were established using a minimum LOD score of 4.0 after preliminary analysis using LOD scores ranging from 2 to 10. A linkage group was assigned to a chromosome when it contained at least 2 SSR loci that had been assigned to a particular chromosome in previously published genetic (Liu and Tsunewaki 1991; Gale et al. 1995; Roder et al. 1998a; Li et al. 1999; Messmer et al. 1999; Mingeot and Jacquemin 1999; Gupta et al. 2002; Paillard et al. 2003; Somers et al. 2004; Song et al. 2005 ) and physical (Roder et al. 1998b; Sourdille et al. 2004; Song et al. 2005 ) maps. Final mapping was done by combining 2 or more linkage groups that belong to the same chromosome. The order of the markers of each chromosome was determined using fixed order of selected SSR loci from previous publications using the following parameters: recombination threshold = 0.45; minimum LOD score for calculating map distance = 0.10; ripple value = 1; jump threshold = 5; and the Haldane mapping function. When necessary, markers were removed and the order recalculated until a stable order was reached. All χ 2 analysis and linkage mapping were performed using JoinMap, v. 
Results
Map construction
Two hundred ninety polymorphic loci were scored from 45 AFLP primer pairs, an average of 6.4 loci/primer pair. The 300 SSR primers revealed 343 segregating loci that varied from 1 to 3 loci. Among the 904 loci (271 DArTs, 290 AFLPs, and 343 SSRs) used for preliminary mapping in the 'Arina' × NK93604 (ArNK) population, 724 loci mapped to 58 linkage groups, each with 3-40 loci. The number of linkage groups remained basically the same when only the 343 SSR markers were used for linkage analysis. Final mapping was performed by combining 2 or more linkage groups that belong to the same chromosome, and a total of 280 noninformative loci (31%) were excluded from mapping for the following reasons: (i) they did not meet the threshold value for entry with respect to jumps in goodness of fit; (ii) they contributed to negative distance in the final map; and (or) (iii) they changed the order of anchoring markers.
The final genetic map (Fig. 1) consisted of 624 markers assigned to the 21 chromosomes, giving a total map length of 2595.5 cM. The number of SSRs with physical map information varied from 2 in 5B to 11 in 2B and 7A (markers in boldface in Fig. 1 ). The total number of mapped loci per chromosome ranged from 8 on 7D to 55 on 7A, and the average was 29.7 loci/chromosome. The largest chromosome map was for 7A (202.8 cM); the shortest was for 4D (69.3 cM), and the average chromosome length was 123.6 cM. The density of markers on the maps ranged from 2.5 cM/marker on 6B to 12.2 cM/marker on 7D, with an average density of 4.2 cM/marker. Map distances between 2 consecutive markers varied from 0 to 49 cM, and 589 of the 603 intervals (97.6%) were less than 20 cM. There were only 11 intervals with gaps larger than 20 cM, and the largest gaps between markers were observed on chromosomes 6A (42.4 cM) and 7D (49.0 cM).
There was variation in the number of markers, map length, and marker density on the basis of the homoeologous group. Marker number and density were the highest in homoeologous group 2 (117 loci and 3.5 cM/marker, respectively), whereas map length was the highest (423.8 cM) in both groups 1 and 7. Homoeologous group 5 had the lowest number of markers (52 loci), lowest marker density (5.2 cM/marker), and shortest map length (269.4 cM). Homoeologous group 2 contained the highest number of AFLPs and SSRs, whereas DArTs were highest in group 7. For the former, the number of AFLPs was more than twice that of the number of DArTs.
Map length was relatively shorter for the D genome (813.8 cM) than for the A (929.0) and B (852.7 cM) genomes. The distribution of markers among the genomes was also not uniform, with twice as many markers mapped to the A and B genomes than the D genome: 245, 257, and 122 markers for the A, B, and D genomes, respectively. The number of AFLP and DArT markers mapped to the D genome was very low (27 AFLPs and 20 DArTs) compared with the A (71 loci for each) and B (67 AFLPs and 98 DArTs) genomes.
Segregation distortion
On the whole, the ArNK population was not skewed, with 49.5% for the alleles coming from 'Arina' and 51.5% of the alleles from NK93604. However, χ 2 segregation tests for each locus showed significant (p < 0.01) segregation distortion for 127 markers (20.4%). Markers exhibiting segregation distortion in favor of NK93604 alleles were more frequent (56.7%) than those in favor of 'Arina' alleles (43.3%). About 60% of the entire length of chromosome 2D showed distorted segregation, with an excess of NK93604 alleles. Seven other chromosomes showed minor regions of distorted segregation. In this study, a chromosomal region was regarded as being associated with skewed segregation if 4 or more closely linked markers showed significant segregation distortion. Based on these criteria, 10 regions of significant segregation distortion (shown as filled or crosshatched boxes within chromosomes in Fig. 1 ) were found on 7 chromosomes: 6 regions on chromosomes 1A, 3A, 4D, 5D, and 6B contained an excess of alleles from 'Arina', and 3 other regions on 2A and 7A contained an excess of alleles from NK93604.
Marker evaluation
Among the 624 markers mapped to the 21 chromosomes, the majority of markers were SSRs (270), with 165 AFLPs and 189 DArTs. Chromosomes 2A, 7A, and 7B have the highest number of AFLPs, SSRs, and DArTs, respectively. A total of 40 AFLPs (24.2%), 26 DArTs (13.8%), and 61 SSRs (22.6%) showed significant (p < 0.01) segregation distortion. Clustering of intra-and inter-marker intervals below a map distance of 0.5 cM was observed in 110 of 603 intervals (18.2%) between adjacent markers. The total number of intervals between 2 consecutive loci of the same marker type was 52 for AFLPs, 90 for DArTs, and 131 for SSRs, whereas the remaining 330 intervals were between different marker types. Map distances in 51 intervals between 2 consecutive DArT markers (27.0%) was less than 0.5 cM, which was much higher compared with 3 for AFLP (1.8%) and 24 for SSR (8.9%). Clustering of DArTs was more frequent on chromosome 3B, 3D, 4A, and 7A, and was more frequent for SSRs on 2A and 4A.
Discussion
Linkage groups and marker order
Preliminary linkage mapping in the present study identified 58 linkage groups, many more than the 21 haploid chromosomes of hexaploid wheat. This large number of linkage groups compared with haploid chromosome number may suggest that several areas of the genome remain undetected with the present set of markers. The requirement for a large number of markers or mapping populations to reduce the linkage group number to haploid chromosome numbers and increase map accuracy has been emphasized in other mapping studies (e.g., Jeuken et al. 2001; Sharma et al. 2002; Crane and Crane 2005) . To test if the large number of linkage groups in the ArNK population was due to poor data quality, errors in scoring or establishing linkage groups, and (or) insufficient coverage of the genome by the markers, the raw segregation data (1468 loci for 115 recombinant inbred lines) for the most extensively studied ITMI population (Wheat, Synthetic × 'Opata', BARC) was downloaded from the GrainGenes Web site (http://wheat.pw.usda.gov/GG2/ index.shtml), and mapped in the same way as described by Song et al. (2005) . In contrast to the 21 groups reported by the authors from the same dataset, we found 56-63 linkage groups depending on the LOD score used to establish linkages. For the latter, the number of linkage groups per chromosome varied from 1 for 4B and 4D to 5 for 7A, 7B, and 7D. The authors have also confirmed the presence of several linkage groups for several chromosomes during preliminary mapping of the ITMI population (J.R. Shi and Q.J. Song, personal communication). Twenty-one linkage groups with the same map order and length as that of Song et al. (2005) was obtained only when 2 or more linkage groups that belong to the same chromosome were combined and remapped using selected anchoring markers, based on previous publi- cations, as fixed order. We therefore followed the same approach to construct the final map for the ArNK population. SSR marker order from the present study was compared with published maps in hexaploid wheat. Although there are various published maps for all hexaploid wheat chromosomes (e.g., Liu and Tsunewaki 1991; Gale et al. 1995; Roder et al. 1998a; Li et al. 1999; Messmer et al. 1999; Mingeot and Jacquemin 1999; Gupta et al. 2002; Paillard et al. 2003; Somers et al. 2004; Song et al. 2005) , the authors believe that the wheat consensus map (Somers et al. 2004) , the ITMI map (Song et al. 2005) , and the wheat composite map by Rudi Appels (http://www.shigen.nig.ac.jp/wheat/ komugi/maps/markerMap.jsp) are the most detailed maps for comparative purposes. The presence of various contradictory locus orders among these maps, as detected by the freely available CMap program at the GrainGenes Web site, created difficulty in deciding the correct locus order. For the ArNK population, different locus orders were checked and the best orders were compared with one or more of these maps. SSR marker order correlated very well with the consensus map in 10 chromosomes (1D, 2B, 2D, 3A, 4D, 5A, 5B, 5D, 6B, and 7D) and with the composite map in 2 chromosomes (2A and 3D). Marker order in 1B was the same as the consensus map in all except the interval between Xgwm11 and Xbarc187, which was in agreement with the ITMI map. On 7A, the interval from Xgwm282 to Xgwm525 was the same as the consensus map, but the other was the same as the ITMI map. SSR marker orders in the other chromosomes showed partial correlation to 2 or 3 of these maps at different regions: 3 chromosomes (3B, 4B, and 7B) to the consensus and ITMI maps, 2 chromosomes (4A and 6A) to the consensus and composite maps, and 2 other chromosomes (1A and 6D) to 3 maps at different regions. A difference in marker order among genetic maps is not unexpected, as genetic mapping only gives an indication of the relative position of the markers to each other (Sourdille et al. 2004 ). The chromosomal location of 38 SSRs (loci in italic in Fig. 1 ) was available at the GrainGenes Web site, but their map position and locus order in their respective chromosomes was the first in the present study.
Genome coverage
The ArNK map covers 2595.5 cM, which is similar to the 2569 cM of the wheat consensus map (Somers et al. 2004) and 2655 cM of the recently published ITMI map (Song et al. 2005 ), but it represents only 84% of 3086 cM map in the ArFo (Paillard et al. 2003 ). The ArNK map shows 7 chromosomes (1A, 1D, 4A, 4B, 4D, 6B, and 6D) as being longer, and shows the remaining 14 chromosomes as being shorter. In fact, the ArFo map length for 11 chromosomes (1B, 2A, 2B, 2D, 3B, 3D, 5A, 5D, 6A, 7A, and 7D) was much longer than that of the high-density wheat consensus and ITMI maps. The overall average marker density in the ArNK map (4.2 cM/marker) was much better than that of the ArFo maps (8 cM/marker), but lower than that of the ITMI (1.9 cM/marker) and the wheat consensus (2.2 cM) maps. Despite the larger number of markers in the present map, the total genome coverage and the length of several individual chromosomes are shorter than the ArFo map. Differences in recombination frequencies owing to genetic background effects from the other parents and (or) a difference in mapping algorithm may be possible explanations for such differences.
Although we generally had good coverage, the short arms of 5 chromosomes (3A, 4A, 4B, 4D, and 6A) and the long arm of 5D were under represented in the map. In all except 4BS, this was mainly due to lack of a sufficient number of polymorphic microsatellite markers in the corresponding regions (Somers et al. 2004; Song et al. 2005) . The total length and the number of markers mapped to the D genome were much lower than the A and B genomes. The low level of polymorphism in the D genome is well known (e.g., Röder et al. 1998a; Chalmers et al. 2001) and is in agreement with the hypothesis of a mono-or oligophyletic origin of hexaploid wheat (Lagudah et al. 1991; Salamini et al. 2002) .
Segregation distortion
The observed segregation distortion (20.4%) in the ArNK population is in agreement with Cadalen et al. (1997) , who found segregation distortion of 20% at a 1% level of significance. Markers showing distorted segregation were clustered together on specific regions on 8 chromosomes (1A, 2A, 2D, 3A, 4D, 5D, 6B, and 7A). Clustering of distorted markers on various chromosomes have been reported in various studies (Cadalen et al. 1997; Faris et al. 1998; Messmer et al. 1999; Kammholz et al. 2001; Paillard et al. 2003) , and it may be caused by different factors. First, the ArNK population was derived from a wide cross between winter and spring wheat, and segregation distortion is a common phenomenon in wide crosses and has been reported on various wheat chromosomes (Cadalen et al. 1997; Messmer et al. 1999; Kammholz et al. 2001; Paillard et al. 2003) . Second, the ArNK population was also developed by means of wheat × maize crosses, and non-Mendelian segregation within wheat × maize derived DH populations may be due to (i) heterogeneity within the parents, (ii) selection associated with the DH production process, and (iii) outcrossing and admixture of seed during increase for trials (Kammholz et al. 2001 ). Third, gametocidal and pollen-killer genes have been reported in wheat as being distributed in different homoeologous groups (Gill et al. 1996a; Faris et al. 1998a; McIntosh et al. 1998 ) and may be responsible for the observed distorted segregation in the ArNK population. Kammholz et al. (2001) had also speculated that clustering of distorted loci appeared to be associated with introgressed alien chromatin involving translocations into one of the parents. However, the parents used in this study are not known to have any alien translocations.
Distribution of markers among and within linkage maps
In some chromosomes (e.g., 2A and 2D), AFLP markers appeared as clustered but the interval between most adjacent markers was >1.5 cM. In contrast to frequent clustering of AFLP markers reported by several researchers at the centromere and surrounding heterochromatin regions of the genome based on an EcoRI-MseI combination, extensive clustering was not apparent in the ArNK genetic map. The methylation-sensitive PstI-MseI combination was used in the present study, which revealed a significantly lower level of polymorphism in wheat than the methylation-insensitive EcoRI-MseI combination (Barrett and Kidwell 1998). Co-migration and scoring error may, therefore, be very much lower in the PstI-MseI than in the EcoRI-MseI combination. AFLP fragments were analyzed using an ABI PRISM 377 DNA Sequencer in combination with the computer software GenScan and Genotyper (PE Applied Biosystems), and the application of an internal-lane size standard ensured accurate sizing of fragments by minimizing the lane-to-lane or gel-to gel variation present in other studies that used silver staining or radioactivity, as reported by Huang et al. (2000) and Schwarz et al. (2000) .
Clustering of SSR markers was observed in 3 chromosomes (1B, 2A, and 4B). Roder et al. (1998a) reported clustering of microsatellites in several centromeric regions on 6 chromosomes in hexaploid wheat. Gene-rich regions in the euchromatin tend to be low copy and hypomethylated (Naveh-Many and Cedar 1981). Cardle et al. (2000) and Morgante et al. (2002) indicated that microsatellites are significantly associated with the low-copy fraction of plant genomes based on the estimation of their density in Arabidopsis, rice, soybean, maize, and wheat. Clustering may, therefore, occur when genetic maps are constructed with hypomethylated and low-copy SSRs.
The frequency of clustering in DArT markers at intervals less than 0.5 cM was 3-and 15-fold higher than SSRs and AFLPs, respectively (Fig. 2) . High-density physical maps in wheat reveal that more than 85% of wheat genes are present in gene-rich regions, physically spanning only 5%-10% of the chromosomal regions (Gill et al. 1996a (Gill et al. , 1996b Faris et al. 2000; Sandhu et al. 2001) . A high correlation between gene-rich regions and recombination is common in wheat (Gill et al. 1996a (Gill et al. , 1996b Sandhu et al. 2001; Weng and Lazar 2002) and many other organisms. In homoeologous group 6 chromosomes, for example, gene-rich regions present near telomeric ends show 10-20 fold more recombination than proximal regions on the chromosome (Shah and Hassan 2005) . The high proportion of clustering of DArT markers may therefore be indicative of gene-rich regions.
Clustering in DArTs may also be due to the presence of redundant clones in the genomic representation, which was supported in the following 2 ways: (i) all intervals <0.5 cM between 2 consecutive DArT markers showed high correlation coefficients (r > 0.98) and (ii) strong multicollinearities were observed between DArT markers with such high correlation coefficients in QTL analysis for FHB resistance (data not shown). Genomic reduction is the critical step in producing genomic representations with a sufficient number of unique polymorphic clones in DArT libraries. This step may be more complex in species with high ploidy level and genome size, such as hexaploid wheat. The data from the present study may, therefore, suggest that the present genomic representations for hexaploid wheat at Triticarte Pty. Ltd. requires additional sieving steps to exclude highly correlated clones and incorporate more unique clones with even distribution along chromosomes.
The map presented here provides insight regarding the distribution of DArT markers in comparison with the wellestablished microsatellite and AFLP markers for linkage mapping. It also provided readily detectable markers for identifying novel quantitative trait loci for resistance to FHB and powdery mildew and for anther extrusion, leaf segment incubation, and latency. 
